Cool roof coatings have a beneficial impact on reducing the heat load of a range of building types, resulting in reduced cooling energy loads. This study seeks to understand the extent to which cool roof coatings could be used as a residential demand side management (DSM) strategy for retrofitting existing housing in a constrained network area in tropical Australia where peak electrical demand is heavily influenced by residential cooling loads. In particular this study seeks to determine whether simulation software used for building regulation purposes can provide networks with the 'impact certainty' required by their DSM principles. The building simulation method is supported by a field experiment. Both numerical and experimental data confirm reductions in total consumption (kWh) and energy demand (kW). The nature of the regulated simulation software, combined with the diverse nature of residential buildings and their patterns of occupancy, however, mean that simulated results cannot be extrapolated to quantify benefits to a broader distribution network. The study suggests that building data gained from regulatory simulations could be a useful guide for potential impacts of widespread application of cool roof coatings in this region. The practical realization of these positive impacts, however, would require changes to the current business model for the evaluation of DSM strategies. The study provides seven key recommendations that encourage distribution networks to think beyond their infrastructure boundaries, recognising that the broader energy system also includes buildings, appliances and people.
Introduction

Residential Demand Side Management (DSM) in Heat Dominated Climates
Electricity distribution networks in Australia typically make capital works (infrastructure investment) decisions based on ensuring the network can meet system peak demand in line with security of supply standards demanded by local regulations or customs. For many networks, however, significant financial challenges arise when the system maximum demand only occurs for short periods of time. For example, in regional Queensland in 2011, approximately 10% of the network capacity was used for less than 1.5% of the year [1] . Season, climate and time of day are some of the acknowledged key variables that contribute to peak demand. Reducing peak demand through DSM programs is therefore seen as a more economical option than network augmentation, flattening the load curve to increase the utilisation rate (and hence investment return) of existing infrastructure. In Australia, residential DSM strategies fall into three categories:
(i) network controlled tariffs (voluntary or mandatory requirement for particular appliances such as electric water heaters to be controllable by the network at specific times); (ii) tariff price reform (using price signals to drive changes to appliance usage times); and (iii) direct rebates (e.g., financial assistance to customers to replace inefficient appliances with more efficient and/or controllable appliances).
The principles which guide the development and implementation of DSM programs in distribution networks are focused on managing business risk and maximising economic return. DSM programs are required to increase the asset utilisation rate and deliver measurable and predictable reductions in demand, whilst not compromising network service standards [1] . The energy network, from the distribution company's perspective, consists of the poles and wires that deliver the electricity from the high transmission distribution network to the end use (the residential customer). Neither the houses nor the appliances connected to the network are considered to be part of the energy system.
Cool Roofs Research
The heat load of detached residential buildings in warm and hot climates is predominantly driven by the interaction of the external environment with the building envelope. Because of its large surface area in relation to building volume and its high exposure to direct and indirect solar radiation, the roof is the key building structure that allows or limits heat flow into internal spaces of one and two storey single family houses in Australia. The energy balance of a roof is determined by incoming solar radiation, the reflectance and absorptance of the roof surface, heat transfer, roof structure and internal and external temperatures [2, 3] . While light coloured roofs have long been used in many hot regions as a means of providing a cooler internal space, modern 'cool roof coatings' use advanced chemistry to increase both the solar reflectance and infrared emittance of the roof. For over two decades researchers have been studying, through modelling and field experiments, the impacts of reflective roof coatings on the urban environment, on occupants and on electricity networks. The improvements to the chemistry of roof coatings over time (from the 1990s to the present) needs to be considered when interpreting early field results based on white reflective paints, with current coatings representing fourth generation technologies [4] . Extensive research utilizing simulation software and a smaller number of field experiments has shown a range of positive impacts, including reductions in cooling energy (kWh/day) and peak cooling demand (kW); reductions in roof surface and attic temperature; reduction or elimination of air conditioning use in shoulder seasons; changes to air conditioner load profiles; improvements in air conditioner operation efficiency and reduced strain on electricity supply infrastructure [5] [6] [7] [8] [9] . This research encompasses residential buildings in a range of climatic and cultural contexts, including hot climates [10] [11] [12] [13] . Beyond the benefits to individual buildings, cool roofs (and green roofs) have an important role to play in reducing the urban heat island [4] .
Most, if not all, studies to date have evaluated field data and simulated data from the perspective of the building owner, presenting arguments to entice building owners of the potential comfort, economic and/or infrastructure and societal benefits of cool roofs. Indeed, the argument for the development of Standards for Cool Roofs was based on the difficulties faced by building owners in assessing cool roof impacts on lifetime heating and cooling costs [14] . Few residential field studies have been published from regions with long cooling seasons and negligible heating seasons, and, to the authors' knowledge, the role of cool roof coatings in Demand Side Management programs (i.e., from the perspective of electricity network providers) has not previously been studied.
This Research
The specific aim of this research was to determine whether simulation software used for building regulation purposes can provide networks with the 'impact certainty' required by the distribution company's Demand Side Management principles.
Methodology
A numerical and experimental methodology was utilized [15, 16] . This section explains the selection of the simulation software and case study.
Choice of Simulation Software
The Australian Nationwide House Energy Rating Scheme (NatHERS) establishes the protocols and validates and standardises software that can be utilised by the design-construction industry for the purposes of determining design compliance with the energy efficiency regulations of the National Construction Code. All software accredited under this national scheme calculates the heat flows into and out of the building envelope on an hourly basis to determine the space heating and cooling loads for each zone of the house. All software uses Reference Meteorological Year (RMY) climate files based on at least 25 years of meteorological data (air temperature, humidity, solar radiation, wind speed and direction) for each climate zone. All software requires the input of detailed spatial and architectural data as well as construction material and components data, however the occupancy patterns, latent heat loads and heating and cooling schedules are pre-set (to enable comparison between designs) [17, 18] . The particular software package selected for this study is BersPro 4.2. This software was selected rather than internationally utilized simulation software (e.g., IES VE or EnergyPlus), because the research objective was to determine whether this commonly utilised tool could also model the potential benefits of DSM programs that incorporate changes to the building envelope, reducing the need for duplication of effort. The simulations were conducted in accordance with requirements of the Australian Construction Code, with regard to the protocols that establish thermostat settings and heating and cooling schedules ( Table 1) . 
Choice of Case Study
The case study was conducted in tropical Townsville (19.3°S) between November 2012 and February 2014. The seasonal climate statistics (Table 2 ) reveal a summer cooling-dominated climate extending from November through to March, with a relatively short autumn and spring. This regional city was selected for the case study as it lies within a constrained network area of Australia's largest electricity distribution network covering an area of 1.7 million square kilometres (97% of Queensland). 91% of housing in this region (predominantly detached one or two storey single family homes), have air conditioners (AC), with an estimated 3.5 AC units per household. These air conditioners account for 30% of the overall residential load and 57% of residential peak demand (17:00-20:00). Based on current loads, residential energy consumption is expected to contribute approximately 28% to this region's summer afternoon peak demand (13:00-17:00, at a zone substation level) in 2025 [1] . Similar to the Italian housing context [19] , air conditioners have often been installed in buildings with little or no insulation. Energy efficiency requirements were not introduced into the Australian building regulations until 2003, and even now the standards are quite low by international comparison.
A recently constructed single-family house, representative of the size and style of new homes in this region, was selected for the field study (Figures 1 and 2 ). This involved monitoring the electricity consumption and temperature of the house before and after the application of a Cool Roof acrylic coating (Thermobond HRC Rsol 0.878 tested to ASTM C1549). Sensors (Maxim iButtons DS1922/3 with 0.5 °C temperature resolution and 5% humidity error) were installed in various locations to measure, at 30 min intervals, ambient outdoor temperature, indoor temperature and relative humidity (in living rooms and bedrooms), roof cavity temperature and external roof surface temperature (east and west). Quarterly electricity bills (based on actual consumption recorded by the Class 1 revenue meters) were used to establish the baseline electrical consumption profiles (average kWh/day) on an annual and seasonal basis. The air-conditioning load is separately metered and is on a circuit that is controllable by the electricity network. Key characteristics of the house are summarised in Table 3 . Simulation was used to determine baseline cooling load. The same house plan was then used as the basis of broader simulation studies to model the impact of cool roof acrylic paints on houses with different construction material characteristics. This method was utilized also by Dabaieh [13] . Common construction materials and practices in the region were examined and applied to the building simulation model for the selected house (Table 4) . Thirty-seven different combinations of construction materials were simulated (the existing house and 36 variations), enabling simulation of a representative sample of a wide variety of common construction practices in the region.
For each combination, the annual cooling load (kWh/yr) and peak demand on hot days was determined. Daily demand curves are generated by the software, based on the COP of the air conditioner, the thermal load of the building and assumed operation times. For peak demand simulation, a split-system air conditioner with a COP of 3.1 was assumed, and the kW demand was calculated for achieving the comfort levels (26.5 °C) as determined by NatHERS. As February is the peak cooling month for this climate, the cooling demand for a hot February day was calculated, differentiating between predominantly afternoon/night loads (bedrooms), day and evening loads (living room) and whole house loads (24/7 cooling). Easily available product for retrofit * The Rsol of the product used for this field study was rounded up (0.878 to 0.9) for the purposes of simulation (a limitation of the tool). In practice, 0.8 may be a more realistic Rsol of readily available products and accounting for a slight loss in reflectance due to aging and weathering. The predicted long term savings and DSM impacts may be overestimated.
Results
Seasonal Cooling and Occupancy of Field Study House
The seasonal baseline electricity consumption (average kWh/day) was calculated from historic billing information, showing a significant summer cooling load ( Table 5 ). The five ACs are connected to a meter that enables network implemented control between 07:00-08:30 and 18:30-20:00. Temperature data from this house reveals frequent conditioning of the main bedroom overnight (22:00-07:00) and the early morning (07:00-08:30), infrequent use of AC systems in the hours adjacent to the evening controlled time and infrequent daytime use of the AC. Understanding how occupancy and occupant behaviour impacts on AC operation is essential in designing effective DSM strategies, as discussed later. 
Simulated and Actual Cooling Load of Field Study House
Prior to any intervention to the house, the actual "cooling energy" and the simulated "cooling energy" were compared, showing a significant difference between the two loads ( Table 6 ). As there were no significant differences between Bureau of Meteorology measured temperature for the experimental period and the RMY data used in the simulation software, the lower than expected energy consumption is likely explained by different occupancy and operational practices than the regulatory assumptions built into the simulation tool. For example, the simulated thermal load assumes that all four bedrooms and the living room will be cooled according to Table 1 (i.e., simulations are based on number of potentially occupied rooms, not on number of occupants). The residents of this house, however, report that they typically cool only the main bedroom overnight during summer and use the air conditioner in the living room only on very hot days. This highlights the difficulty in using the simulation software as a guide to actual energy consumption, an issue that is discussed in more detail later. 
Roof Cavity Temperatures
Roof cavity temperatures were measured in the case study house before and after the application of the cool roof acrylic paint (Rsol 0.89) on the already light coloured roof (Rsol 0.6). The effect of the cool roof coating on the roof cavity temperature was analysed by graphing the relative reduction in roof cavity temperature to outdoor ambient temperature (Figure 3) , showing a greater impact at higher ambient temperatures. This is consistent with findings of Pisello [9] . The simulation tool (BersPro) was then used to simulate roof cavity temperatures of this house plan with and without reflective foil under the roof, and with solar reflectance values of 0.5 and 0.9. Results of these simulations are shown in Table 7 . Key findings from this numerical analysis are:
 Only 2% of annual hours of RMY outdoor ambient temperatures are >35 °C (row 2);  A typical roof cavity for this region experiences 35% of annual hours >35 °C (row 4);  Adding reflective foil under the roof (row 5), or a high reflectivity roof coating (row 6), reduce these temperatures;  Combining the two (row 7) provides a roof cavity temperature profile very closely aligned to ambient temperature conditions (row 2).
Simulated Peak Demand with House Construction Variables
The case study house design was simulated with thirty-six variations in building construction characteristics representing typical regional construction variables for wall and roof materials, roof and ceiling insulation values and glazing. The simulations for this house design consistently show that cool roof coatings (SR 0.9), regardless of the selected construction detail, delivered a reduction in peak demand (Figure 4 ). The houses with the greatest demand reduction potential have dark roofs (SR 0.15), whilst those with the least demand reduction potential have a high level of ceiling insulation (e.g., R 3.5) combined with other energy efficiency design measures that restrict solar gain through the building façade (e.g., tinted windows). Simulated reductions in peak demand were higher for concrete block houses (high thermal mass) than for light weight houses, although both types of houses benefit unless they already have a very high level (for this climate) of ceiling insulation. Comparing dark roofs (SR 0.15) with cool roofs (SR 0.9), this figure shows peak demand reduction on a hot day ranging from 10%-40%. The cooling load profiles for the cool roof model also revealed a significantly different load profile (shorter AC running times for Cool Roofs). The simulations reveal a few anomalies for light coloured roofing which require further investigation. 
Discussion of the Results
The results clearly show that Cool Roof coatings could be broadly applied to a wide range of housing types in this climate zone, reducing energy consumption for cooling (kWh) and peak demand (kW) in individual residences. Does this automatically mean that electricity networks could include Cool Roofs into their DSM programs, perhaps through offering rebates? In this section we will discuss the results in light of this region's DSM principles that have an overarching focus on risk management for the network. The five principles discussed in this section include (i) certainty of load reduction at times of network peak demand; (ii) visible and measurable results; (iii) improvement in asset utilisation; (iv) ability to reward customer participation; and (v) informed stakeholders [1] . This discussion will highlight seven key conclusions for electricity distribution companies.
Certainty of Load Reduction at Peak Demand
There is little doubt that for many buildings, the application of cool roof coatings has the potential to reduce overall cooling energy demand (kWh) and peak demand (kW): a reduced thermal load can impact both the hours air conditioning is required to maintain comfort standards and the efficiency and operation of air conditioners. In this sense, cool roofs are an example of an intervention that could simultaneously address energy efficiency and demand management. What is unclear, however, is how to quantify this for multiple residences in specific constrained networks. Unlike commercial buildings, the residential sector has greater diversity of building characteristics (e.g., size, age, design and construction variables), occupancy profile (occupants per house, use of different spaces, time of use, and range of occupant behaviours) and cooling technologies and expectations (type and efficiency of air conditioner; set point). Can the simulation tools used to provide energy rating compliance certificates for houses as designed, also be used to provide network certainty? NatHERS establishes the protocols which accredited simulation tools must incorporate to model the energy performance of house designs as evidence of the design meeting the energy efficiency requirements of the Australian Construction Code. NatHERS has four main assumptions: (i) occupants will adopt a three staged approach to the achievement of comfort in summer (natural ventilation, mechanical air movement then extraction of heat); (ii) bedrooms and living rooms will be occupied at different times; (iii) when cooling is activated, it is applied to all rooms of the same type (e.g., living or bedrooms); and (iv) the cooling set point when AC is activated, will be 26.5 °C (for this climate zone). This research has shown, unsurprisingly, a mismatch between occupancy patterns in houses and assumptions made by the building regulations. NatHERS tools were not meant to be reflective of actual occupancy patterns, but to enable comparison of potential energy consumption between buildings, removing the uncertainties of occupancy. For example, the peak load simulations displayed a peak load at 4-5 pm, a reflection of simulation assumptions of bedrooms being conditioned from 4 pm. The timing of actual peak load, at an individual house level, would be impacted by actual occupancy (time of day, specific occupied rooms, and thermal comfort preferences) as well as the thermal efficiency of the occupied rooms. These inconsistencies between reality and simulations, combined with the large number of variations in construction and design, make it difficult to use current simulation tools to extrapolate the effect of cool roof coatings on residential demand within a specific network at a specific time of day. This does not mean that useful information cannot be gained.
Conclusion #1: Networks can use the simulation tools to provide evidence of the types of houses that would most likely deliver demand reductions with the application of cool roofs.
The evidence from this study would suggest the electricity network might benefit from targeting the following dwelling types for cool roof retrofitting:
(i) houses with dark or medium coloured roofs (solar reflectance <0.7), unless they have roof reflective foil, R3.5 ceiling insulation and other characteristics that limit solar gain (e.g., wide eaves, tinted glazing); (ii) houses with no ceiling insulation (e.g., roof foil only) or with bulk ceiling insulation (under R3) and no reflective foil insulation; and (iii) houses with high electricity bills (i.e., high AC usage in terms of number of systems, hours of use, or low temperature set points).
The results of the simulation of roof cavity temperatures (Section 3.2) are also significant for several reasons and impact indirectly on the electricity networks. First, under Australian Standards, insulation values (the R rating) are determined based on an ambient temperature of 24 °C and for temperature differences of 18, 12 and 6 K [20] . In an air conditioned house in a hot climate, however, the temperature difference between the internal room and the roof cavity during summer may be over 20 K [21] . This means that it is likely that the typically low levels of insulation installed in houses in this region are not providing the expected thermal barrier. Second, the relationship between cool roofs, roof cavity temperatures, insulation placement and insulation effectiveness has not previously been reported. Other studies have only shown how insulation level is significant in determining the impact of cool roofs [11, 12] . Third, because it is easier to apply a coating to a roof surface rather than retrofit reflective foil under the roof sheeting, cool roof coatings present an effective method of improving the energy efficiency of existing homes. With this in mind, the networks arguably need access to regional level building information, something which does not exist in the Australian context.
Conclusion #2: Networks may benefit from participating in the development of detailed and accurate regional building files [22] utilizing existing simulated data, and Agent Based Models that enable simulation of different scenarios and tailored solutions for subareas of the network [23, 24] . This work is in its infancy and its full potential has yet to be explored.
Visible and Measurable Benefits
Following on from the difficulty of quantifying demand reductions prior to implementing a cool roof DSM project is the challenge of measuring benefits. Arguably the only reliable measurement option from a network's perspective would be to ensure that residential air conditioners are separately metered from other household loads, allowing for the tracking of energy consumption and demand before and after intervention with cool roof coatings or other energy efficiency measures (such as insulation) that would reduce the heat load of the building. In Queensland air-conditioners are not required to be separately metered, resulting in lack of robust data about current air conditioner loads at household level. Some recently introduced DSM programs offer financial incentives to households to connect air conditioners to a separately controlled meter.
Conclusion #3: Networks could consider the mandatory metering of all air conditioning loads. In addition to measurement and verification data, such metering could also provide a means of network control of the device, and provide information back to occupants to assist them in understanding and managing their cooling behavior. This would require, however, a robust technical, economic and social analysis about the type of metering infrastructure and their respective costs and benefits [25, 26] , development of data management and utilisation strategies [27] , and data security and privacy concerns relating to advanced metering infrastructure [28, 29] .
Improvement in Asset Utilisation through Incorporation of DSM in Asset and Network Planning
The best return on investment for distribution networks is arguably increasing the utilisation rate of existing assets through smoothing the peaks, limiting the need to increase investment in more infrastructure. Without a means of measuring the benefit there is also then no evidence to show that the application of cool roof coatings would improve the asset utilisation rate. Whilst it is understandable, from a corporate perspective, that distribution companies focus on their asset and network planning and return on investment, there is arguably a need for a broader systems perspective. Electricity generation, delivery and consumption are not just the business of energy companies: it is also the business of energy policy makers, building regulators, housing development and construction companies, and home owners and occupiers. Each of these parties has assets that they wish to optimise or have a 'return-on-investment' or 'cost-benefit' expectation. What if the 'asset utilisation' criterion was reframed to "How could energy efficiency and demand management strategies be better integrated to maximise value to all stakeholders?" Conclusion #4: Networks should take a broader view of what defines the 'energy assets' and more closely align their business practices to building regulations and practices. Perhaps a starting point for the distribution companies would be to more closely align their marketing activities to building regulations, such as ensuring that the air conditioning operation guidelines for their customers (promoting a set point of 25 °C) are consistent with the regulatory simulation software (which utilises a cooling set point of 26.5 °C) for this region.
Encourage and Reward Customer Participation
This study has shown that there are energy and power benefits from the application of cool roof technologies to a range of housing typologies in this region, but that these benefits are difficult to measure and quantify from a network perspective. Whilst electricity metering and billing continues to only consider total accumulated kWh over a period of time (typically 3 monthly for residential accounts), there is little incentive for households to invest in any demand reduction strategies. Energy efficient houses that require no or little air conditioning do not get any benefit from the extra investment they have made in good design and construction to achieve occupant comfort. Air conditioners are not regulated appliances: they can be installed at the sole discretion of building owners regardless of the thermal efficiency of the building envelope and regardless of their impact on the network-yet the cost of the network asset investment required to support these appliances is spread across all customers. Queensland is moving towards 'cost reflective' pricing for residential customers, with recent (2013-2014) and near future (2015) changes to how the costs of delivering energy can be equitably recovered. This approach raises other equity issues.
Conclusion #5: Networks should consider implementing network conditions for the installation and operation of air conditioners, in a similar manner to the connection controls and conditions (in Australia) on the installation of solar power systems at residential premises. New connection and metering practices, reflecting the environmental, technical and economic benefits and limitations of all embedded technologies need to be developed, considering the needs of all stakeholders.
Conclusion #6: The impacts of different combinations of pricing strategies and direct load control options on different customer types in different parts of a network need to be explored. This work would require examination of a broad suite of pricing strategies (e.g., service charges, kWh charges, KW charges, critical peak pricing, real time pricing, time of use pricing, inclining block tariffs) and curtailment strategies (e.g., direct load control and aggregated curtailable loads), as well as the profiling of different residential customer types (e.g., retirees, pensioners, single person households, large families etc.).
Educate and Inform Customers and Stakeholders
Do networks still have "customers"? The birth of the "prosumer", the rapid uptake of household solar power in Queensland, the arguably imminent commoditisation of battery storage systems and electric vehicles, the advanced functionality of metering and energy information systems, and the growing acknowledgement of the value and usefulness of big data, collectively create a very different market place than that which existed even ten years ago. While some research has examined the reclassification of customers as co-producers, peers and partners [30] , much more research is needed.
Conclusion #7: Electricity networks need to reconceptualise the relationships between traditional electricity generators, distributors and retailers, and 'end-users', and develop business models and relationship structures that are built on mutual trust and respect.
Conclusions
It is well known that demand side management is often the most appropriate (i.e., cost effective) response on constrained electricity networks, especially when combined with energy efficiency. This study sought to understand whether building simulation tools used for regulatory purposes could assist in determining the feasibility of cool roof coatings for a residential DSM strategy in a constrained network area where peak electrical demand is heavily influenced by residential cooling loads. This study has confirmed previous research that cool roof coatings can reduce electricity consumption and demand in residential buildings in tropical Australia: this was supported by both measured and simulated data. However, in analysing these results according to the DSM principles of distribution companies, it is clear that the simulation tools used for regulatory purposes in Australia could not provide networks with the required visible and measurable reductions, at an individual building level, that would guarantee peak demand reduction and an increase in network utilisation rates. The numerical and experimental data does raise important issues for network consideration.
The paper has presented seven conclusions relevant to networks. These recommendations incorporate the need for distribution networks to think beyond their infrastructure boundaries, recognising that the broader energy system also includes buildings, appliances and people. With a view to win:win solutions, these companies could arguably play a more proactive role in promoting and encouraging cool roof technologies (and other energy efficiency measures) that impact on demand and consumption, such as more active engagement with energy and building regulators, the development and construction industries and with home owners/occupants.
